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Abstract 
Nanotwinned materials exhibit a combination of high strength and good ductility which is 
attributed to the interactions between dislocations and twin boundaries. But no attempt has been 
made to explore the possibility for deformation twinning in nanotwinned face-centered cubic 
materials. Here we use large scale molecular dynamics simulations to elucidate the mechanical 
behaviour of nanotwinned Cu. We demonstrate that deformation twinning plays an important role 
in the deformation of nanotwinned Cu with specific twin orientations, in addition to conventional 
dislocation slip. Deformation twins are formed through the glide of Shockley partials on adjacent 
{111} slip planes and two twinning mechanisms are identified based on the arrangement of 
Shockley partials. The first mechanism involves the successive motion of Shockley partials of 
different types, named as double-Shockley partials, which forms unstable thin twin plates. The 
second process involves the successive passage of the same twinning dislocations on neighbouring 
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slip planes, which forms stable deformation twins along one primary twinning system or 
symmetric twinning systems. The dislocation processes involved in the dislocation-twin reactions 
are analysed at atomic level. The orientation dependence of deformation twinning is discussed and 
compared with available experimental results. 
Keywords: Deformation twinning; Dislocation; Nanotwinned Cu; Molecular dynamics; Slip 
transfer 
1. Introduction 
Deformation twinning has been widely observed in coarse-grained face-centered cubic (fcc) 
metals and alloys, which plays an important role in plastic deformation in addition to dislocation 
slip [1-3]. Twinning propensity is strongly affected by stacking fault energy [4, 5]. Deformation 
twinning takes place easily in metals with low stacking fault energies, such as brass, Cu-Al alloys 
and stainless steels; in contrast twinning hardly occurs in materials with high stacking fault 
energies. Deformation twinning is also promoted by high strain rates and/or low temperatures, 
where slip activities are restricted because the number of operable slip systems is reduced. Grain 
size also influences the twinning tendency in fcc metals. Twin formation is restricted with 
decreasing grain size. But when grain size is reduced to nanometer level, deformation twinning is 
greatly enhanced [6]. Metals that normally do not twin are found to twin in nanocrystalline form 
[7, 8]. Molecular dynamics (MD) simulation revealed extensive deformation twinning in the 
deformation of nanocrystalline Al [7], which was verified by later transmission electron 
microscopy (TEM) observations [8]. The change in twinning propensity is attributed to twin 
nucleation from grain boundaries [9]. The role of grain boundaries needs to be incorporated to 
develop new models for deformation twinning [10]. 
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A number of models have been proposed to rationalize the formation of deformation twins in 
fcc materials [1, 11, 12]. Twin nucleation involves two essential processes: the nucleation of twin 
embryos and their subsequent growth to large twins [1]. It is assumed that the formation of twins 
requires dislocations and the twinning source can be categorized into two types: prismatic and 
glide [13]. In prismatic models, the primary slip does not lie on the twinning plane. Cottrell and 
Bilby [14] proposed the pole mechanism which involved the dissociation of a full dislocation into 
a Shockley partial and a sessile Frank dislocation. But only monolayer stacking fault was 
produced. Venables [15] extended the pole mechanism and explained how mechanical twins grew. 
Cohen and Weertman [16] suggested that the overlap of stacking faults formed imperfect 
deformation twins. These stacking faults resulted from glide of Shockley partials dissociated from 
piling-up dislocations near Lomer-Cottrell locks. Fujita and Mori [17] presented a similar model 
involving the cross-slip of stair-rod dislocations. Mahajan and Chin [18] described a simple glide 
model, in which the interaction between two coplanar perfect dislocations led to the nucleation of 
a three-layer twin. We can see that there is a lack of consensus for twin nucleation at the moment 
[12, 13, 19]. 
Recent studies on high manganese steels reveal that deformation twinning plays a significant 
role in the strain-hardening behaviour of twinning-induced plasticity (TWIP) steels [20-26]. The 
evolution of twin structure has been extensively characterised using advanced experimental 
techniques [11, 25, 27]. Ueji et al. [23] reported that deformation twinning was restricted by grain 
refinement and strongly depended on grain orientation. Gutierrez-Urrutia and Raabe [25] 
systematically distinguished three types of twin substructure at high tensile strains. A low 
deformation twinning activity was observed in grains oriented close to <001> directions; twin 
substructure was developed along one primary twinning system in grains oriented between <001> 
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and <111> directions; and a multiple twin substructure was built up along the primary and 
secondary twinning system in grains close to <111> directions. Karaman et al. [28] introduced a 
new dislocation model to explain the formation of extrinsic stacking faults and deformation twins 
in theoretically untwinning directions, such as <001> under tension and <111> under compression. 
The nature of dislocations was identified by the advanced characterization tools, which provided 
evidence for earlier proposed twinning mechanisms [11, 27]. Recently Casillas et al. [27] reported 
that extrinsic stacking faults served as twin nuclei in TWIP steels using aberration corrected 
scanning TEM. However, it is difficult to obtain the detailed evolution of dislocation structures 
based on TEM studies. Little is known about the specific deformation mechanisms involved in 
deformation twinning. 
Nanotwinned materials exhibit simultaneous ultrahigh strength and increased ductility, as 
well as high electrical conductivity [29, 30], which make them attractive for numerous 
applications. However, no attempt has been made to explore the possibility for deformation 
twinning in nanotwinned fcc materials until now, because twin formation cannot be controlled in 
nanotwinned materials despite that multiple twin structures have been extensively observed in 
twin-free materials [25]. Moreover, it is not easy to distinguish deformation twins and growth 
twins in experiments, which are identical from a crystallographic view. In this study, we use large 
scale MD simulations to elucidate the mechanical behaviour of nanotwinned Cu. Our simulations 
reveal that deformation twinning occurs in the deformation of nanotwinned Cu with specific twin 
orientations. The atomistic mechanisms involved in the formation of deformation twins and the 
dislocation-twin reactions are analysed in detail. 
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2. Methods 
The simulation cells contained parallel growth twin boundaryies (TBs) with different 
orientations. The nanotwinned structure was constructed by continuous atomic displacements on 
adjacent (111) planes to get a symmetric twin while keeping the matrix unchanged [31]. Atoms 
above one (111) plane were shifted along [112̅] direction by the magnitude of a partial dislocation, 
which was repeated to produce a specific twin spacing. Then the nanotwinned model was rotated 
about the [11̅0] direction to obtain samples with different orientations. The sample dimensions are 
around 100 nm × 50 nm × 2 nm and the total atom number is approximately 850,000. Fig. 1 shows 
the cross-sectional view of fabricated samples T4A19, T4A75 and T4A90. The letters T and A in 
the sample names indicate the twin spacing and inclination angle. 
MD simulations were performed using the large-scale parallel molecular dynamics package 
LAMMPS [32]. The embedded atom method potential for Cu by Mishin et al. [33] was used to 
describe the atomic interactions between Cu atoms. This potential was fit to experimental data and 
ab initio calculations and accurately reproduced many material properties, including the stacking 
fault energy that is important for deformation simulations. Periodic boundary conditions were 
imposed in all three directions to model the behaviour of bulk materials. The samples were first 
equilibrated at 300 K for 100 ps, using a Nose-Hoover thermostat and a Parrinello-Rahman 
barostat (an NPT ensemble). The tensile deformation was applied by continuously scaling the 
atomic coordinates and box size along the X direction in Fig. 1 at a constant strain rate of 5 × 108 
s-1, while along the other two directions, stresses were kept at zero using an NPT ensemble. 
The atomic configurations were visualized using the scientific software package Open 
Visualization Tool (OVITO) [34]. Common neighbour analysis (CNA) was used to visualize the 
defects. Three types of atoms are defined: grey represents perfect fcc atoms, red stands for 
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hexagonal close-packed (hcp) atoms (corresponding to stacking faults and TBs), and green 
indicates defected atoms (corresponding to GBs, dislocation cores, and other defects). Moreover, 
the relative shear strain of each atom with respect to its original position was calculated (embedded 
in OVITO) to trace the evolution of dislocation structures. Perfect fcc atoms that are not involved 
in the plastic deformation were eliminated for the sake of clarity in the analysis of the dislocation 
structures [35]. This procedure was carried out by deleting atoms with shear strain of less than 
0.15, as calculated by OVITO. In this way, the atoms that experience slip and still retain the fcc 
structure are coloured in grey. The dislocations were characterized using dislocation extraction 
algorithm Crystal Analysis [36]. 
The slip system in nanotwinned fcc materials can be described by the double Thompson 
tetrahedron [1, 6, 37] as shown in Fig. 2a. Twin boundary is shared by the twin and the matrix. 
The lower Thompson tetrahedron represents matrix slip systems, while the symmetric upper 
tetrahedron shows twin slip systems. Although the slip directions on the twin plane are common, 
the slip planes ABC(d) or (111) plane in the matrix and ABC(d') or (1̅1̅1̅) plane in the twin are 
opposite. From the cross-sectional view (Fig. 2b), the slip activities can be catalogued into three 
groups: dislocations on slip planes (d) or (d') are parallel to the twin plane; dislocations on slip 
planes (c) or (c') are inclined 70.5° to twin plane; and dislocations on other slip planes (a), (b), 
(001) or (a'), (b'), (001)T are inclined 54.7° to twin plane. The nature of the dislocations was in 
agreement with the results from Crystal Analysis. In this study, the dislocation reactions are 
represented by Burgers vector equations expressed in terms of the double Thompson tetrahedron, 
and the same equation in vector form is also given [1]. Indices relative to the twin lattice are given 
the superscript T. The conservation of Burgers vector is fulfilled for all the dislocation reactions. 
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3. Results 
3.1. General observation 
Fig. 3 shows three typical atomic configurations after tensile deformation, where deformation 
twinning occurs in addition to dislocation slip. In sample T4A19 (Fig. 3a), the dislocation 
processes dominated by slip transmission are accompanied by a small amount of deformation 
twinning. Mechanical twins are formed along one twinning system in the twinned grains, while 
slip activities dominate the plastic deformation in the matrix grains. These twins are only several 
layers of atoms thick and are embedded in the twinned grains, in contact with the growth TBs. 
Moreover, the thin twin plates are not stable and can be eliminated in further deformation. But 
most of the growth TBs retain their original coherency even after a considerable deformation. 
In sample T4A75 (Fig. 3b), the twin substructure is developed along one primary twinning 
system in the matrix grains. These twinning dislocations continuously transmit across the growth 
TBs, forming parallel shear bands across the sample. In sample T4A90 (Fig. 3c), a multiple twin 
substructure is built up along symmetric twinning systems in the matrix and twinned grains. 
Complex dislocation networks are formed and the interactions between dislocations and the 
growth TBs lead to the formation of intersecting slip bands. The deformation twins in these two 
cases are stable while the original growth TBs within the shear bands are severely destroyed. The 
deformation kinetics that lead to the formation of deformation twins will be analysed in detail in 
the following sections. 
3.2. Deformation twinning in sample T4A19.5 
To reveal the atomic mechanisms involved in the formation of deformation twins, a small 
part of the simulation cell is extracted for further analysis. Fig. 4 and Supplementary Video 1 show 
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the evolution of dislocation structures in sample T4A19.5 (Region A1 in Fig. 3). The stacking 
sequences of {111} slip planes during plastic deformation are indicated at the bottom of the figure. 
The tensile deformation was applied along the [111̅] direction. It is well known that fcc metals 
twin in tension along the <111> direction [13]. But in the present simulations of nanotwinned 
models, twinning takes place in the twinned grains and no twinning occurs in the matrix grains. 
Twin formation is initiated by homogenous nucleation of a partial dislocation γ'B in the twinned 
grain and its glide leaves an intrinsic stacking fault. Very quickly a second Shockley partial γ'A is 
emitted from the upper end of the stacking fault left by γ'B, which combines with the first partial. 
These two Shockley partials constitute a double-Shockley partial γ'A-γ'B with a net Burgers vector 
equal to D'γ' according to γ'B+γ'A→D'γ'. After their glide, an extrinsic stacking fault or a one-
layer deformation twin is formed as shown in Fig. 4a. 
A third partial γ'A is nucleated at the lower end of the stacking fault left by γ'B and combines 
with the first partial to form another double-Shockley partial (Fig. 4b). The combination of the 
three Shockley partials has a total Burgers vector equal to DA according to D'γ'+γ'A→D'A. 
After the glide of the above three partials, a three-layer microtwin is formed (Fig. 4c). But this 
twin plate is not stable as indicated in Fig. 4d, where it is changed to four layers of hcp atoms 
after the glide of a trailing partial Dγ'. Meanwhile, several twin nuclei are formed in the twinned 
grains after the glide of double-Shockley paritals, which can further grow if more partial 
dislocations are nucleated on neighbouring slip planes. In a while, the motion of two more trailing 
partials eliminates this twin (Fig. 4e) and the original fcc structure is restored (Fig. 4f). The 
propensity for nucleating trailing dislocations restricts the growth of the deformation twins and 
only thin twin plates are formed. 
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Fig. 5 an Supplementary Video 2 show the evolution of dislocation structures of Region A2 
in Fig. 3, where deformation twins are formed by the agglomeration of small twin nuclei [1]. 
Plastic deformation is initiated by the nucleation of a partial dislocation (Fig. 5a), in a short while, 
three twin nuclei are formed independently as indicated by black arrows in Fig. 5b. The right two 
deformation twins assemble with each other to form a six-layer twin with a stacking fault being 
left inside the twinned region, which will be absorbed later (Fig. 5c). Then this growing 
deformation twin is combined with the two-layer twin on the left nucleated from the glide of a 
double-Shockley partial (Fig. 5d). This twin is formed very quickly within a stain of 0.1%. 
The glide of Shockley partials of different types cannot only lead to the formation of 
deformation twins, but can also contribute to shrinkage of the original growth twins as shown in 
Fig. 6 and Supplementary Video 3 (Region A3 in Fig. 3). This twin first grows by two atomic 
layers due to the TB migration involving the motion of two twinning dislocations δC as shown in 
Fig. 6a. A Shockley partial δ'B is emitted from the deposited dislocation on the TB and its glide 
reduces the twin thickness by one atomic layer. Then a second partial dislocation δ'A is nucleated 
on the same plane and the twin is also shrunken by one atomic layer. The coplanar dislocations 
cannot glide on the same plane and the first partial climbs downwards and its slip further thins the 
twin. The thickness of this twin is further reduced through the nucleation and propagation of two 
more dislocations δ'A (Fig. 6c) and δ'B (Fig. 6d). Although the two dislocations are not combined 
to form double-Shockley partial, the atomistic mechanism leads to the shrinkage of growth twins 
is similar with the twinning process in the twinned grains. 
The original growth TBs restrict the propagation of the newly formed twins; hence twinning 
partials are piling up on the TBs. A high stress concentration is induced and accommodating slip 
is required to release this stress [1]. The twinning partials (γ'A or γ'B) that forms double-Shockley 
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partial meet the TB at 30° with respect to the <110> lines and their glide produces a step with a 
height equal to 1/3 of the {111} interplanar spacing on the TB. Therefore, groups of three or more 
twinning dislocations can give steps larger than a unit height. Fig. 7 and Supplementary Video 4 
show the reaction between twinning dislocations and the TBs of Region A4 in Fig. 3. At first a 
double-Shockley partial γ'A-γ'B with a net Burgers vector of D'γ' is deposited on the lower TB 
(Fig. 7a). A third partial γ'B is nucleated and another D'γ' is deposited on the upper TB (Fig. 7b). 
Then the forth partial dislocation γ'A is nucleated and combines with the deposited dislocation to 
form a full dislocation D'A on the TB. This dislocation quickly transmits across the TB and a 
Lomer dislocation CD is emitted in the matrix grain, while leaving a partial dislocation Bδ on the 
TB (Fig. 7c). This transmission process can be expressed as: 
 𝐷′𝐴(𝑐′) → 𝐶𝐷(001) + 𝐵𝛿(𝑑) (1) 
Or in vector form: 
 1
6
[1̅4̅1̅](1̅1̅5) →
1
2
[1̅1̅0](001) +
1
6
[21̅1̅](111) (1a) 
with: 
 1
6
[1̅4̅1̅](1̅1̅5) =
1
2
[101]
(1̅1̅1)𝑇
𝑇  (1b) 
The left dislocation Bδ interacts with the second partial γ'B to form a stair-rod dislocation γ'δ 
according to γ'B+Bδ→γ'δ. This stair-rod dislocation then combines with an emitted trailing partial 
D'γ' to form a Frank dislocation D'δ on the TB according to γ'δ+D'γ'→D'δ (Fig. 7d). 
The Lomer dislocation glides on anomalous (001) plane in the matrix grain. Previous studies 
[38] revealed that the screw segment of this dislocation may cross-slip to conventional {111} slip 
planes and split into two Shockley partials according to CD→Cα+αD or CD→Cβ+βD, since 
dislocation CD is also a possible slip direction on slip planes (a) or (b). But our analysis reveals 
that the stress state on the extended dislocation, with compressive stress on both the leading and 
the trailing partials (negative Schmid factors), restricts this dissociation [2]. Therefore, it is 
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difficult for this dislocation to cross-slip to {111} slip plane [37]. The Lomer dislocation glides on 
(001) plane until it is blocked by the TB (Fig. 7e). Then this Lomer dislocation transmits across 
the TB and a leading partial γ'A is emitted in the twinned grain. In a short while, a trailing partial 
D'γ' is emitted on the same slip plane and a Shockley partial is left on the TB (Fig. 7f). An extended 
dislocation is formed in the twinned grain and this transmission process can be summarised as: 
 𝐶𝐷(001) → 𝛾′𝐴(𝑐′) + 𝐷′𝛾′(𝑐′) + 𝛿𝐵(𝑑) (2) 
Or in vector form: 
 1
2
[1̅1̅0](001) →
1
18
[27̅1̅](1̅1̅5) +
1
18
[5̅5̅2̅]
(1̅1̅5)
+
1
6
[2̅11](111) (2a) 
with 
 1
18
[27̅1̅](1̅1̅5) =
1
6
[21̅1]
(1̅1̅1)𝑇
𝑇  and 
1
18
[5̅5̅2̅]
(1̅1̅5)
=
1
6
[112]
(1̅1̅1)𝑇
𝑇  (2b) 
Reaction (2) is a reverse path of reaction (1). Dislocation transmission may also lead to the 
formation of deformation twins as shown in Fig. 4f. 
3.3. Deformation twinning in sample T4A75 
Fig. 8 and Supplementary Video 5 reveal the evolution of twin substructure in sample T4A75 
(Region B in Fig. 3). The stacking sequences of {111} slip planes during deformation twinning 
are indicated at the bottom of the figure. The slip directions and dislocation reaction diagrams are 
schematically illustrated in Fig. 9. In this sample, the tensile deformation was applied along the 
[221] direction. Plastic deformation is initiated by homogenous nucleation of a partial dislocation 
γD in the matrix grain. This dislocation has a pure edge nature and its glide creates a step with a 
height equal to 2/3 of the {111} interplanar spacing on the TB. Under the high stress state, this 
dislocation can transmit across the TB to form a Lomer dislocation D'C in the twinned grain, 
which leaves a Hirth dislocation γC/DD' on the TB (Fig. 8a and Fig. 9b). This transmission is 
expressed as: 
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 𝛾𝐷(𝑐) → 𝐷′𝐶(2̅2̅1) + 𝛾𝐶/𝐷𝐷′ (3) 
Or in vector form: 
 1
6
[1̅1̅2̅](1̅1̅1) →
1
6
[1̅1̅4̅](2̅2̅1) +
1
3
[001] (3a) 
with 
 1
6
[1̅1̅4̅](2̅2̅1) =
1
2
[110]
(001)𝑇
𝑇  (3b) 
The motion of the Lomer dislocation produces a unit height step. The discrepancy between 
the perpendicular displacements across the TB results in the nucleation of two more Shockley 
partials γD from the intersections between the stacking fault and the TBs as the plastic strain 
increases. The second dislocation from the right intersection interacts with the residual Hirth 
dislocation to form a stair-rod dislocation δγ on the TB (Fig. 8b) and a two-layer twin is formed 
after its glide. This combination can be expressed as: 
 𝛾𝐶/𝐷𝐷′ + 𝛾𝐷(𝑐) → 𝛿𝛾 (4) 
Or in vector form: 
 1
3
[001] +
1
6
[1̅1̅2̅](1̅1̅1) →
1
6
[1̅1̅0] (4a) 
Combining Eqs (3) and (4), we have: 
 2×𝛾𝐷(𝑐) → 𝐷′𝐶(2̅2̅1) + 𝛿𝛾 (5) 
Or in vector form: 
 
2×
1
6
[1̅1̅2̅](1̅1̅1) →
1
6
[1̅1̅4̅](2̅2̅1) +
1
6
[1̅1̅0] (5a) 
This interaction is schematically shown in Fig. 9c. The same combination occurs to the third 
twinning dislocation from the left intersection, and a three-layer twin is formed after it swipes over 
the matrix grain. Then this dislocation interacts with the stair-rod dislocation to form a Frank 
dislocation δD on the TB (Fig. 8c). Later, the Frank dislocation transmits across the TB to emit a 
Lomer dislocation in the twinned grain (Fig. 8d). This reaction can be expressed as: 
 𝛾𝐷(𝑐) + 𝛿𝛾 → 𝛿𝐷 → 𝐷′𝛿 → 𝐷′𝐶(2̅2̅1) + 𝐶𝛿(𝑑) (6) 
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Or in vector form: 
 1
6
[1̅1̅2̅](1̅1̅1) +
1
6
[1̅1̅0] →
1
3
[1̅1̅1] →
1
6
[1̅1̅4̅](2̅2̅1) +
1
6
[1̅1̅2](111) (6a) 
Combining Eqs (3), (4) and (6), we have 
 3×𝛾𝐷(𝑐) → 2×𝐷′𝐶(2̅2̅1) + 𝐶𝛿(𝑑) (7) 
Or in vector form: 
 
3×
1
6
[1̅1̅2̅](1̅1̅1) → 2×
1
6
[1̅1̅4̅](2̅2̅1) +
1
6
[1̅1̅2](111) (7a) 
This interaction is schematically shown in Fig. 9d. The successive motion of three twinning 
partials and the motion of two Lomer dislocations create steps with equal height that is two times 
of the {111} interplanar spacing. Thus, the original growth twin is sheared by two atomic layers. 
As the Lomer dislocation propagates, part of the dislocation line can dissociate into a 
conventional Shockley partial D'γ' and a Frank dislocation γ'C perpendicular to the slip plane 
according to D'C→D'γ'+γ'C (Fig. 9e). The Frank dislocation is absorbed after the Lomer 
dislocation swipes away and the Shockley partial is retained as shown in Fig. 8c. The Lomer 
dislocation keeps gliding on (001)𝑇  plane until being blocked by the TB. Then this Lomer 
dislocation transmits across the TB and two Shockley partials are emitted on neighbouring slip 
plane in the matrix grain while leaving a stair-rod dislocation on the TB (Fig. 8d). This slip transfer 
can be summarised as: 
 𝐷′𝐶(2̅2̅1) → 2×𝛾𝐷(𝑐) + 𝛾𝛿 (8) 
Or in vector form: 
 1
6
[1̅1̅4̅](2̅2̅1) → 2×
1
6
[1̅1̅2̅](1̅1̅1) +
1
6
[110] (8a) 
Reaction (8) is the reverse path of reaction (5). The motion of the two twinning dislocations forms 
an extrinsic stacking fault or a two-layer twin. 
The anomalous motion of Lomer dislocation on (2̅2̅1) or (001)𝑇 slip planes involves a high 
Peierls barrier [35]. As the stress state decreases, the persistent motion is no longer possible, 
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instead the Lomer dislocation splits into two partial dislocations connected by a sessile stair-rod 
dislocation (Fig. 9f), forming a Lomer-Cottrell lock as shown in Fig. 3b. The formation of this 
triad of dislocation agrees well with classical dislocation theory [39] and can be expressed as: 
 𝐷′𝐶(2̅2̅1) → 𝐷′𝛾′(𝑐′) + 𝛾
′𝛿 + 𝛿𝐶(𝑑) (9) 
Or in vector form: 
 1
6
[1̅1̅4̅](2̅2̅1) →
1
18
[5̅5̅2̅]
(1̅1̅5)
+
1
18
[1̅1̅4̅] +
1
6
[112̅](111) (9a) 
with 
 1
6
[1̅1̅4̅](2̅2̅1) =
1
2
[110]
(001)𝑇
𝑇 , 
1
18
[5̅5̅2̅]
(1̅1̅5)
=
1
6
[112]
(1̅1̅1)𝑇
𝑇  and 
1
18
[1̅1̅4̅] =
1
6
[110]𝑇 
(9b) 
The deformation twins further grow though the continuous nucleation and propagation of twinning 
dislocations on adjacent slip planes in the matrix grain (Fig. 8e). The continuous dislocation-TB 
interactions form a shear band across the samples. Another interesting thing revealed in Fig. 8f is 
that a two-layer twin is nucleated from the glide of a double-Shockley partial in the twinned matrix 
grain. 
3.4. Deformation twinning in sample T4A90 
Fig. 10 and Supplementary Video 6 show the evolution of dislocation structures in sample 
T4A90 (Region C in Fig. 3). Extensive deformation twinning takes place in addition to dislocation 
slip during the deformation. The tensile deformation was applied along the [111] direction, which 
indicates that the slip systems in the matrix and twinned grain are equivalent. Therefore, plastic 
strain is uniformly distributed, different from sample T4A75, where a primary twinning system in 
the matrix grain dominates the plastic deformation. Deformation twins are formed along 
symmetric twinning systems in the matrix and twinned grains, which involves the successive glide 
of twinning dislocations on adjacent slip planes. Although the stacking fault energy for Cu is low, 
15 
 
a high density of mechanical twins significantly increases the elastic energy since the twin spacing 
is as small as 4 nm, which supresses the growth of mechanical twins. Deformation twins may be 
eliminated through the glide of trailing partials and dislocation slip replaces deformation twinning. 
4. Discussion 
4.1. Twinning mechanisms 
It is well accepted that the formation of deformation twins involves successive glide of partial 
dislocations on adjacent {111} slip planes. These partial dislocations are called twinning 
dislocations. The question is in which way these twinning partials are arranged for twin formation  
[13]. Our simulation of nanotwinned Cu revealed two twinning mechanisms based on the 
arrangement of twinning dislocations. In samples with TB inclined 15° to 30° to the loading 
direction, the plastic deformation is dominated by the transmission of screw dislocations across 
the TB as previously reported in nanotwinned Cu [35, 40-43]. In addition, deformation twinning 
takes place in the twinned grains in the form of small twin plates. Twin formation involves the 
glide of double-Shockley partials composed of two coplanar partials of different types. After the 
nucleation of one partial, the other one would be emitted on neighbouring slip plane as the two 
partials have the same Schmid factor, instead of nucleation of a trailing dislocation, which can 
only be emitted after the leading partial swipes over the splitting distance of an extended 
dislocation due to the mutual repulsive force [44]. On the other hand, the two partials have opposite 
screw components that they tend to be combined to form a double-Shockley partial. This 
dislocation has a net Burgers vector equal to the trailing partial and doubled Schmid factor as the 
sum of the two composing dislocations, hence it can easily glide. But these twins are not stable as 
the activation of double-Shockley partial is followed by the nucleation of trailing partials that have 
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doubled Schmid factors compared to the twinning dislocations, which eliminates the deformation 
twins. Thus, dislocation slip takes over the role of deformation mechanism from deformation 
twinning, which restricts the growth of deformation twins. Deformation twins are continuously 
formed and eliminated throughout the simulations. 
The simulations of nanocrystalline Al by Yamakov et al. [7, 10] also revealed that the 
nucleation of double-Shockley partial led to the formation of microtwins, which agrees with 
present simulations. Simulations of Al under shear deformation along an inverse twinning 
direction revealed that deformation twins were formed through the activation of two coplanar 
twinning systems [45]. Karaman et al. [28] proposed that extrinsic stacking faults served as nuclei 
for twin formation, which was confirmed by recent in situ TEM observations [27]. The double-
Shockley partial has a net Burgers vector of a single partial, which means the plastic strain is 
halved. In situ nanoindentation of bimetal Cu/Nb composite revealed that a two-layer twin nucleus 
is formed by stacking two partial dislocations of different types [46]. The flat interface after 
twinning indicated that the twin growth involved a combination of twinning dislocations with zero 
net Burgers vector [47], which is similar to zero macroscopic strain twinning mechanism observed 
in nanocrystalline metals [48]. Wang et al. [49] described a similar detwinning mechanism in 
nanotwinned Cu through the collective glide of twinning dislocations that form incoherent TBs in 
sample preparation. Although deformation twinning take place in the twinned grains that are 
favourably oriented with the applied stress for twinning, these twins cannot cut through the TBs 
without a high stress level. The transmission involves nucleation of Lomer dislocations across the 
TB and its motion requires to overcome a high barrier. It can be expected that the transmission of 
dislocations across TBs, GBs or the bimetal interface is more difficult, thus the smooth TBs, GBs 
or flat interface is retained. As for the zero-strain twinning mechanism, the sum of plastic strain 
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induced by the motion of three twinning systems on one slip plane is zero, but their Schmid factors 
have the same relation. Therefore, simultaneous activation of three twinning systems is difficult 
under normal deformation. 
Deformation twins are formed through the glide of the same Shockley partials in samples 
with TB inclined 75° to 90° to the loading direction. In sample T4A75, only one primary twinning 
system in the matrix grains is activated. In sample T4A90, symmetric twinning systems in the 
matrix and the twinned grains are activated. There was a consensus that twins formed from 
dislocations because the formation of twins was preceded by dislocation slip [14]. The common 
characteristic of materials that twin under deformation is that the activation of twinning system is 
accompanied by slip systems, such as <111> orientated crystals in tension or <001> oriented 
crystals in compression. Deformation twinning requires a higher stress level than dislocation slip, 
under which multiple slip can be activated. The pole mechanism [14, 15] involves the dissociation 
of full dislocations to a Frank dislocation and twinning dislocations, such as CD→Cγ+γD, 
AD→Aα+αD or BD→Bβ+βD. In our simulations, this dissociation only occurs to Lomer 
dislocations (Fig. 9e), which further dissociates to form Lomer-Cottrell locks (Fig. 9f). The 
twinning model proposed by Mahajan and Chin [18] required the dissociation of two coplanar 
dislocations AD+BD→Aγ+γD+Bγ+γD→3×γD, forming a three-layer twin. Full dislocations in 
these models are nucleated by successive emission of leading and trailing partials on the same slip 
plane, with the leading partials also being the twinning partials. 
The mechanical behaviour of nanotwinned metals under uniaxial strain perpendicular to the 
TB has been widely investigated, where stacking faults or thin twin plates were observed [38, 50-
52]. Simulations of Al under shear deformation along a twinning direction revealed that 
deformation twinning occurred through the activation of the corresponding twinning systems [45]. 
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The compressive strain as low as -0.8% along <001> direction is compensated by mechanical 
twinning in Au thin films [53]. Deformation twinning have been observed in <110> oriented 
nanowires in MD simulations [54], which was confirmed  by later in situ TEM studies [55]. 
Twinning was also identified to dominate the plastic deformation in nanocrystalline W [56]. All 
these studies indicate that twinning is the main deformation mechanism without significant 
contribution from dislocation slip. In nanotwinned samples oriented close <111> direction under 
tensile deformation, it is possible that only leading partials are nucleated and their continuous 
emission on adjacent slip planes leads to the formation of mechanical twins. 
4.2. Orientation dependence of deformation twinning 
The simulations reveal that deformation twinning is strongly dependent on the 
crystallographic orientation of nanotwinned fcc metals. The deformation mechanism of 
nanotwinned materials has been classified in terms of hard and soft modes [57]. Extensive twin 
migration (either twinning or detwinning) was observed in samples with slant TBs [58]. Moreover, 
twinning was not observed in the presence of TBs in axially twinned Cu [59]. In the present studies, 
three types of twin structure have been identified according to the crystallographic orientation, 
which to some extent agrees with the twin substructure in TWIP steels [20, 24, 25]. The specific 
twinning systems changes due to existence of the TB as more twinning systems are introduced. In 
sample T4A19.5, the [111̅] loading direction is close to [221̅] or [001̅]𝑇 direction (A35.3°) of the 
twinned grains, inclined with an angle of 15.8°. As the inclination angle changes from 15° to 30°, 
the loading direction intersects with [001̅]𝑇 direction in the twinned grains at angles between 20.3° 
and 5.3°. Deformation twinning takes place in the twinned grains. Similarly, as the inclination 
angle changes from -15° to -30°, the intersecting angle between the loading direction and the [001̅] 
direction (A-35.3°) in the matrix grains changes from 20.3° to 5.3°. In these cases, deformation 
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twinning is expected to occur in the matrix grains. It can be seen deformation twinning occurs in 
grains oriented close to the <001> direction with an inclination angle between 5° and 20°. The 
analysis of twin substructure in TWIP steels revealed that grains oriented close to <001> directions 
within an angular range of 15° were characterized by a low deformation twinning activity [24, 25], 
which agree well with the present simulations (A15-A30). 
In sample T4A75, the loading direction [221] is 15° inclined with the [111] orientation (A90). 
Deformation twins are developed along one twinning system in the matrix grains. Due to the 
structural symmetry, similar deformation twins are expected to be formed along twinning system 
in the twinned grains in samples A105 or A-75 close to [112] direction (A109.5). In the 
deformation of TWIP steels, twin substructure was built up along one primary twinning system in 
grains oriented between <001> and <111> directions [24, 25], e.g. [112] direction. These 
mechanical twins were formed from the activation of twinning systems on slip planes (a) and (b), 
which have the same projection along the [110] direction on (11̅0) plane (blue lines in Fig. 2b), 
hence only one sets of parallel slip lines were observed [24, 25]. But these twinning systems are 
restricted in present simulations due to the columnar structure [44], consequently the primary twin 
structures result from different twinning mechanisms. Moreover, the orientations close to [221] 
directions were not stable which was significantly eliminated after deformation in experiments 
[24, 25]. In situ studies are needed to obtain detailed evolution of the twin structure. 
In sample T4A90, the loading axis is along the [111] direction. Deformation twins are formed 
along symmetric twinning systems. Moreover, dislocation processes can be seen on slip planes (a) 
and (b) although the corresponding slip systems are restricted. It can be expected that due to the 
symmetry of the three slip planes, a multiple twin structure would be formed in fully three-
dimensional samples. The studies on TWIP steels revealed that twin structure was built up along 
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more than one twinning systems in grains close to <111> orientations [20, 24, 25], as indicated by 
intersecting slip lines (Fig. 2b). 
4.3. Slip-twin interactions 
Our simulations reveal that nanotwinned Cu can experience deformation twinning in addition 
to dislocation slip during deformation. The growth TBs restrict the motion of dislocations and 
deformation twins, which gives rise to pile-ups of dislocations. Given the dense dislocation 
networks, various dislocation-twin reactions take place throughout the simulations which are 
analysed at the atomic level. Previous analysis focused on dislocations that creates steps with 
heights equal to integral multiples of the unit {111} interplanar spacing [1], where the shear strain 
can be fully transmitted. The motion of non-screw full dislocation creates a unit height step on the 
TB and this dislocation can transmit across the TB to emit a Lomer dislocation with the aid of a 
residual Shockley partial on the twin plane. The interactions between twinning dislocations and 
TBs are considerably more complex. The transmission of one or two twinning dislocations emits 
a Lomer dislocation, leaving a Hirth dislocation or a stair-rod dislocation respectively on the twin 
plane. Three twinning dislocations transmit across the TB to form two Lomer dislocations with 
the help of a Shockley partial on the twin plane. The nucleation of Lomer dislocation can be 
understood in two ways. On one hand, this dislocation experiences a high resolved shear stress, as 
indicated by the maximum Schmid factor. On the other hand, the {001} slip plane intersects with 
the twinning planes along <110> directions on the TB. As the stress decreases, the Lomer 
dislocation dissociates in the slipped region to release the elastic energy of anomalous {001} 
motion. 
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5. Conclusions 
Deformation twinning plays an important role in the plastic deformation of nanotwinned Cu 
with specific crystallographic orientations. Twin formation involves the glide of Shockley partials 
on contiguous {111} slip planes. Two twinning mechanisms are identified based on the 
arrangement of these Shockley partials. The first mechanism involves the motion of the double-
Shockley partial, which results from the overlap of two Shockley partials of different types. This 
kind of twinning occurs when the TB is inclined by an angle between 15° and 30° to the loading 
direction. The formed thin twin plates embedded either in the twinned grains or in the matrix grain 
are not sable and can be easily eliminated during later stages of deformation. The second twinning 
process results from the passage of Shockley partials of the same type. Twinning takes place when 
the TB is inclined by an angle between 75° and 90° to the loading axis. Deformation twins are well 
developed along one primary twinning system in samples with inclination angles close to 75°, 
while symmetric twinning takes place both in the matrix and twinned grains in samples with 
inclination angles close to 90°. The interactions between dislocation and TBs promote twin 
formation. The orientation dependence of deformation twinning agrees with the experimental 
observations in TWIP steels to some extent. 
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Figures 
 
Fig. 1. Cross-sectional view of constructed nanotwinned samples with different orientation: T4A19 
with [111̅] orientation (a), T4A75 with [221] orientation (b), T4A90 with [111] orientation (c). 
 
Fig. 2. Slip systems in nanotwinned fcc materials. (a) Double Thompson tetrahedron. Dislocation 
activities on symmetric slip planes are indicated by the same colour. (b) Cross-sectional view of 
dislocation activities along [11̅0] direction. Three distinct dislocation activities on different slip 
planes are identified. 
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Fig. 3. Typical deformation structures containing deformation twins. (a) Thin twin plates in sample 
T4A19.5 at 9.3% strain, (b) Deformation twins along one primary twinning system in sample 
T4A75 at 7.5% strain (c) Deformation twins along symmetric twinning systems in sample T4A90 
at 9% strain. In the right figures, perfect fcc atoms that are not involved in the plastic deformation 
are eliminated for clarity. 
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0. ABCABCABCABC 
1. ABCABCBCABCA 1-γ'B (a) 
2. ABCABCBABCAB 2-γ'A (a/b) 
3. CABCACBABCAB 3-γ'A (c) 
4. CABCACACABCA 4-D'γ' (d) 
5. CABCACABCABC 5-D'γ' (e) 
6. ABCABCABCABC 6-D'γ' (e/f) 
Fig. 4. Deformation twinning in sample T4A19.5 (Region A1 in Fig. 3). (a) The nucleation of a 
two-layer twin through the glide of a double-Shockley partial at 8.6% strain. (b) The nucleation of 
another double-Shockley partial at 8.63% strain. (c) The formation of a three-layer twin at 8.7% 
strain. (d) The three-layer twin is changed to four layers of hcp atoms after the glide of a trailing 
partial and several deformation twins are formed at 8.78% strain. (e) Glides of two more trailing 
partials eliminate this twin at 8.84% strain. (f) Dislocation structure at 8.94% strain. The stacking 
sequences during deformation are shown below the figure. The red letters indicate TB and the twin 
lamella are highlighted by grey colour. 
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Fig. 5. The formation of deformation twins through the agglomeration of twin nuclei (Region A2 
in Fig. 3). (a) Dislocation nucleation at 8.73% strain. (b) The independent formation of three twin 
nuclei at 8.76% strain. (c) The agglomeration of two deformation twins at 8.79% strain. (d) 
Another combination at 8.83% strain. 
 
Fig. 6. The shrinkage of original growth twins through the glide of dislocation of different types 
(Region A3 in Fig. 3). (a) The motion of two partial dislocations reduces the twin thickness at 
8.79% strain. (b) The first partial climbs downwards and its slip further thins the growth twin at 
8.85% strain. (c-d) Further shrinkage of the growth twins at 8.89% strain (c) and at 8.99% strain 
(d). 
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Fig. 7. Slip-twin interactions in sample T4A19.5 (Region A4 in Fig. 3). (a) The deposition of a 
double-Shockley partial on the TB at 8.7% strain. (b) Another deposition and the formation of a 
three-layer twin at 8.76% strain. (c) Nucleation of another twinning dislocation to form a full 
dislocation, which transmits across the TB to emit a Lomer dislocation at 8.79% strain. (d) The 
motion of Lomer dislocation and the nucleation of a trailing dislocation at 8.83% strain. (e) The 
transmission of the Lomer dislocation to emit a leading partial at 8.93% strain. (f) The full 
transformation of Lomer dislocation to form an extended dislocation at 9.22% strain. 
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0. ABCABCABCABC 
1. ABCABCBCABCA 1-γD (a) 
2. ABCABCBABCAB 2-γD (b) 
3. CABCACBABCAB 3-γD (c/d) 
4. CABCACBACABC 4-γD (e) 
5. BCABACBACABC 5-γD (e) 
6. ABCBACBACABC 6-γD 
Fig. 8. Deformation twinning and dislocation-TB interactions in sample T4A75 (Region B in Fig. 
3). (a) The transmission of a Shockley partial across the TB to emit Lomer dislocations in the 
twinned grains at 6.4% strain. (b) The emission of two more Shockley partials and their 
combinations with the residual dislocations on the TBs at 6.45% strain. (c) The formation of Frank 
dislocations and the dissociation of a Lomer dislocation at 6.5% strain. (d) The transmission of 
Lomer dislocations at 6.56% strain. (e) Further growth of deformation twins at 6.63% strain. (f) 
The formation of a shear band from complicated dislocation-TB interactions at 6.8% strain. The 
stacking sequences during deformation are shown below the figure. The red letters indicate TB 
and the twin lamella are highlighted by grey colour. 
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Fig. 9. Schematic illustration of slip directions and dislocation reaction diagrams. (a) Slip 
directions on (11̅0) plane. (b-d) Dislocation reaction diagrams for the transmission of one (b), two 
(c) and three (d) twinning dislocations. (e-f) Dislocation reactions diagram for the dissociation of 
Lomer dislocation. 
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Fig. 10. Deformation twinning and dislocation-TB interactions in sample T4A90 (Region C in Fig. 
3). (a) 8.3% strain. (b) 8.4% strain. (c) 8.5% strain. (d) 9% strain. 
 
 
